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Chapter 1 
Introduction 
1-1. General Introduction 
Deep ultraviolet (DUV) light with wavelengths between 200 and 300 nm has been 
used in various fields throughout electronics, healthcare, and the environment such as 
photolithography, resin curing, surface modification, sterilization, and biochemical 
sensing, so it has underpinned our lives and the progress of modern society. In particular, 
use of DUV light for air and water disinfection is becoming increasingly important as an 
efficient method that does not require potentially harmful chemicals such as 
chlorine-based solutions. The World Health Organization (WHO) reported that over one 
billion people do not have access to safe drinking water and one third of the world’s 
population lack access to basic sanitation, especially in developing countries. To 
overcome this crisis, highly efficient portable disinfection systems are needed. In this 
application, ultraviolet (UV) light with wavelengths in the 260–270 nm range is 
required for efficient disinfection because DNA exhibits an absorption peak at around 
265 nm. 
Traditionally, mercury vapor lamps that emit at 254 nm have been used as a UV light 
source for air and water purification. However, mercury vapor lamps suffer from the 
disadvantages of short lifetime, large device size, and high operating power. In addition, 
they contain toxic mercury which is recognized as an environmental burden. Thus, 
strong moves are being made to reduce the amount of mercury and its compounds used 
in applications. Recently, the United Nations Environment Programme (UNEP) signed 
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off on the Minamata Convention, a new global agreement that will ban mercury from 
most uses by 2020. A new agreement, the Minamata Agreement, will ban the 
production, import, and export of some products that contain certain amounts of 
mercury. 
Reflecting this situation, it is necessary to develop an alternative solid-state UV light 
source to mercury lamps. AlxGa1-xN-based DUV light-emitting diodes (DUV-LEDs) 
with emission maxima at around 265 nm are anticipated as a promising alternative UV 
light source to mercury vapor lamps. AlxGa1-xN-based DUV-LEDs have many 
advantages compared with mercury vapor lamps as listed in Table 1-1. Therefore, 
AlxGa1-xN-based DUV-LEDs can be used to realize more efficient disinfection systems 
without needing toxic mercury. Furthermore, AlxGa1-xN-based DUV-LEDs can offer the 
added capability of using DUV light in portable disinfection and purification systems 
because of their robustness and compactness compared to the fragile glass tube of 
current mercury vapor lamps. 
Although AlxGa1-xN-based DUV-LEDs have been the subject of considerable 
research interest and the focus of intensive effort for the past decade, current 
AlxGa1-xN-based DUV-LEDs require the substantial performance improvement before 
they are suitable to use as practical, reliable DUV light sources [1–3]. There are several 
issues that currently limit the performance of AlxGa1-xN-based DUV-LEDs. One 
important issue is the low p-type conductivity of Al-rich AlxGa1-xN alloys. Another is 
the difficulty of growing highly crystalline AlxGa1-xN because of the lack of AlN 
substrates suitable for fabricating DUV-LEDs available. Despite considerable effort, 
solutions to these problems have not yet been found. Thus, research overcome these 
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limitations is meaningful for development in both practical aspects and the crystal 
growth technology of the AlxGa1-xN material system. Furthermore, there is currently no 
efficient means to extract DUV light from AlxGa1-xN-based DUV-LED dies. While 
various device chip technologies have been successfully used to enhance light 
extraction in visible LEDs, these cannot be directly applied to DUV-LEDs because of 
specific problems such as the lack of a transparent electrode and much shorter optical 
wavelength. Thus, further progress in crystal growth technology as well as the 
development of device chip technology to improve light extraction structures is 
necessary to achieve highly efficient, reliable AlxGa1-xN-based DUV-LEDs. 
In this thesis, we present record-setting device performance of AlxGa1-xN-based 
DUV-LEDs by making marked progress in the crystal growth technology of the 
AlxGa1-xN material system and introducing nanometer-scale machining technology to 
overcome the issues described above. The strengths of crystal growth technologies were 
fully drawn upon to achieve highly conductive p-type AlxGa1-xN alloy, AlN substrate 
and AlxGa1-xN-based DUV-LEDs fabricated on AlN substrates. This research provides 
solutions to fundamental issues faced by AlxGa1-xN-based DUV-LEDs. Furthermore, we 
reveal that nanometer-scale machining of AlN substrates can produce AlxGa1-xN-based 
DUV-LEDs with a high, uniform light extraction efficiency. 
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1-2. AlGaN-based Deep Ultraviolet Light-Emitting Diodes 
1-2-1. III-Nitride Materials 
The AlxGa1-xN material system is a group of III-nitride materials (InN, GaN, and 
AlN) which have direct bandgaps of 0.7 eV for InN [4], 3.4 eV for GaN, and 6.2 eV for 
AlN at room temperature. The bandgap of their ternary and quaternary alloys can be 
tunaed in the range from 0.7 to 6.2 eV. Also, AlxGa1-xN is highly resistant to degradation 
under harsh conditions like high electric current and high temperature. These properties 
stem from its thermodynamically stable wurtzite crystal structure with strong chemical 
bonds between group III atoms and nitrogen. Therefore, III-nitride materials and their 
alloys have been recognized as important semiconductors for optoelectronic devices in a 
wide spectral range from infrared (IR) (1800 nm) to DUV (200 nm). 
Figure 1-1 displays the variation of the bandgap energy of InN, GaN and AlN with 
the [112
－
0] axis (a-axis) lattice constant. The composition dependence of the bandgap of 
AlxGa1-xN can be described by the standard bowing equation (Eq. 1-1).  
𝐸𝑔
𝐴𝑙𝐺𝑎𝑁(𝑥)[𝑒𝑉] = (1 − 𝑥) 𝐸𝑔
𝐺𝑎𝑁 + 𝑥𝐸𝑔
𝐴𝑙𝑁 − 𝑏𝑥 (1 − 𝑥).   Eq. 1-1 
The a-axis lattice parameter is also changed from 3.112 (AlN) to 3.189 (GaN) 
depending on Al composition. The bowing parameter b for AlxGa1-xN is reported to be 
0.6–1.3 eV [5–7]. Bandgap energy (Eg) is inversely proportional to wavelength (λ), as 
described as Eq. 1-2: 
𝐸𝑔
𝐴𝑙𝐺𝑎𝑁 [𝑒𝑉] = 1240 𝜆 [nm]⁄ .   Eq.1-2 
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Therefore, the emission wavelength from AlxGa1-xN is dictated by the bandgap of 
AlxGa1-xN and tunable between 200 and 365 nm by controlling Al composition. It is 
clear that AlxGa1-xN with higher Al content is necessary to obtain UV light of shorter 
wavelength. 
One of the technological difficulties of III-nitride materials is that even a lattice- and 
thermally matched substrate still has some limitations. As shown in Table 1-2, sapphire, 
which has been widely used as a substrate for the growth of AlxGa1-xN layers, has an 
a-axis lattice mismatch exceeding 13.3% and thermal expansion coefficient mismatch of 
-25.5% compared with those of AlxGa1-xN, which leads to a high defect density in 
AlxGa1-xN layers. In the mid-1980s, Amano et al. [8] improved the quality of GaN films 
grown on sapphire using a low-temperature AlN nucleation layer, and then Nakamura 
[9] made further advances using a low-temperature GaN nucleation layer in the early 
1990s, Successful fabrication of p-type GaN was then achieved by low-energy electron 
beam irradiation [10], and later by thermal annealing in an N2 atmosphere [11]. These 
breakthroughs have allowed GaN-based alloys suitable for fabricating LEDs and laser 
diodes to be produced [12–14]. Near UV and visible (blue and white) light-emitting 
diodes (LEDs) fabricated using GaN-based alloys have been commercialized and are 
used in many applications worldwide. 
While GaN- and AlxGa1-xN-based LEDs have the same basic technological problems, 
the performance of AlGaN-based DUV-LEDs is much poor than that of GaN-based ones 
because it is difficult to produce Al-rich AlxGa1-xN material systems with low defect 
density and/or obtain a highly conductive p-type layer. Thus, it is necessary to improve 
AlxGa1-xN growth technology for to produce AlxGa1-xN-based LEDs suitable for 
practical applications. In addition, as the wavelength gets shorter, especially in the DUV 
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range, it is more difficult to extract DUV light from an LED die because of the lack of a 
transparent contact layer, electrode, and mold material as well as its small critical angle, 
which is attributed to its high refractive index. 
 
1-2-2. Basic Theory of Light-Emitting Diodes 
Basic LEDs consist of a p-n junction, as illustrated in Figure 1-2. In a p-n junction, 
the Fermi energy of n- and p-type layers is the same. When a forward bias is applied 
between the p- and n-type layers, the potential difference between these layers is 
increased by the amount of bias in addition to the built-in potential. The applied voltage 
forces electrons to diffuse into the p-type layer and holes to diffuse into the n-type layer. 
Emission is generated at the junction or interface via recombination of an electron that 
is excited to the conduction band with a hole that is in the valence band. Therefore, the 
wavelength of emission depends on the bandgap energy of the semiconductors, which is 
given by Eq. 1-2. 
One way to improve device performance is to include a heterostructure with multiple 
quantum well (QW) layers as the active region (Figure 1-3). In this structure, carriers 
are trapped in well layers when bias is applied, which enhances the confinement of 
carriers, resulting in an increase of the efficiency of radiative recombination. 
The external quantum efficiency (EQE; ηext) is a commonly used parameter to 
evaluate the performance of LEDs. The EQE is the ratio of the number of photons 
emitted from the LED to the number of carriers passing through the p-n junction. The 
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EQE can also be defined as the product of internal quantum efficiency (ηint), carrier 
injection efficiency (ηcie), and light extraction efficiency (ηlee) as follows, 
𝜂𝑒𝑥𝑡 =  𝜂𝑐𝑖𝑒 × 𝜂𝑖𝑛𝑡 × 𝜂𝑙𝑒𝑒  .   Eq. 1-3 
ηint is defined as the radiative recombination rate over the sum of radiative and 
nonradiative recombination rates as follows, 
𝜂𝑖𝑛𝑡 =
𝜏𝑅
𝜏𝑅+𝜏𝑁𝑅
 .   Eq. 1-4 
where τR and τNR are the radiative and nonradiative lifetimes, respectively. ηcie represents 
the fraction of injected current that recombines both radiatively and nonradiatively in 
the active region. ηlee is defined as the ratio of photons generated in the active region 
that can be extracted from the LED into free space.  
To improve device performance represented as EQE, each efficiency component, 
namely ηint, ηcie, and ηlee, should be individually optimized. The main way to improve 
ηint and ηcie is the development of crystal growth technologies. In contrast, to improve 
ηlee, not only crystal growth technology but various other technologies need to be 
improved. Roughening the substrate surface is a well-known method to improve ηlee by 
reducing the total reflection of emitted light at the surface. Furthermore, device 
fabrication processing technologies such as light-reflecting electrodes and LED 
packaging technology including mold and reflection structures can be useful to improve 
ηlee. 
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1-2-3. Current Status of AlGaN-based Deep Ultraviolet 
Light-Emitting Diodes 
 Extensive research on AlGaN-based UV-LEDs has been conducted over the past 
several years by various academic groups. Figure 1-4 shows recently reported 
maximum EQE as a function of emission wavelength [15–28]. AlGaN-based UV-LEDs 
have been demonstrated to cover the entire UV range, from GaN emission at 365 nm to 
AlN emission at 210 nm [15]. Although the EQE decreases as the wavelength shortens, 
it is higher than 25% for UV-LED with wavelengths longer than 360 nm. It has been 
speculated that the increased internal quantum efficiency (ηint) is caused by In clusters 
in the QWs forming efficient radiative recombination centers [29–31].  The EQE of 
DUV-LEDs with emission wavelengths in the 280–300 nm range has been improved by 
numerous attempts to decrease dislocation density and introduce light extraction 
structures, which include substrate roughening and reflective p-contact electrodes [19, 
26]. However, the EQE of DUV-LEDs with wavelengths below 280 nm is still limited 
to less than 5%. Despite the remarkable progress in recent years, the performance of 
sub-280-nm DUV-LEDs, namely efficiency and reliability, is still not sufficient for their 
use as practical, reliable DUV light sources [3]. 
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1-3. Technical Issues Affecting AlGaN-based Deep Ultraviolet 
Light-Emitting Diodes 
To achieve DUV-LEDs with performance sufficient for their adoption as practical 
and reliable DUV light sources, there are some technical issues that need to be solved. 
As mentioned in Section 1-2, the EQE is defined as a product of carrier injection 
efficiency (ηcie), internal quantum efficiency (ηint), and light extraction efficiency (ηlee). 
For AlGaN-based DUV-LEDs, each component is basically limited by the material 
properties of AlGaN with high Al content or the absence of a suitable substrate to 
fabricate DUV-LEDs on. 
 
1-3-1. Carrier Injection Efficiency (ηcie) 
To improve carrier injection efficiency (ηcie), it is necessary to obtain a highly 
conductive cladding layer [32]. Although highly conductive n-type AlxGa1−xN has been 
achieved by several research groups[33–37], there have been few reports of AlxGa1−xN 
alloys with high Al content (x) values of over 0.5 showing p-type conduction 
characteristics [38–41]. This is because of the difficulty of obtaining a highly 
conductive p-type AlGaN layer with a high mole fraction of Al because of the larger 
acceptor ionization energy and lower formation energy of compensation defects in 
materials with a higher mole fraction of Al [42–44]. 
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1-3-2. Internal Quantum Efficiency (ηint) 
To maximize the internal quantum efficiency (ηint), it is most important to reduce the 
dislocation density. Most reported DUV-LEDs have been fabricated on foreign 
substrates such as sapphire and SiC [15–23, 25–27]. In these cases, AlGaN 
heteroepitaxial layers generally contain a large number of dislocations, over 10
8
 cm
-2
, 
which cause low internal efficiency and poor reliability [45, 46]. In contrast, use of a 
defect-free bulk AlN substrate allowed growth of AlGaN heterostructures with low 
dislocation density, which resulted in a high internal quantum efficiency of near 70% at 
260–270 nm [3, 28]. However, bulk AlN substrates that have been grown by physical 
vapor transport (PVT) show considerable light absorption in the DUV region [47–50]. 
This decreases the EQE of DUV-LEDs because light emission generated at the active 
layer is generally extracted through the substrate. Therefore, development of bulk AlN 
substrates with low dislocation density and UV transparency as well as clarification of 
the origin of the absorption band of AlN substrates in the DUV range are of utmost 
importance to improve the performance of DUV-LEDs. 
 
1-3-3. Light Extraction Efficiency (ηlee) 
Low light extraction efficiency is a current limitation of DUV-LEDs. One of the 
reasons for this is the absorption of photons directed towards p-side layers. Because of 
the absence of a transparent p-type contact material in the DUV range and the strong 
absorption of photons generated in the p-GaN cap layer, which is necessary to obtain an 
  Introduction 
15 
 
ohmic contact, half of the photons generated are lost in p-side layers. Another reason is 
the large refractive index (n) difference between AlGaN [51–53] and air. The critical 
angle for escape can be estimated by Snell’s law; θ=sin-1(n2/n1), where n1 is the 
refractive index of AlGaN and n2 is the refractive index of air [54]. Because n of AlN at 
265 nm is 2.4, the critical angle for photons to escape through AlN is 24.6°. In this case, 
light extraction efficiency is estimated to be just 4% [50]. To overcome this issue, 
surface modification of the back side of substrates has generally been employed to 
enhance light extraction efficiency [18, 50, 55]. Khizar et al. [55] and Pernot et al. [18] 
reported that light extraction efficiency was improved by 50% by surface modification 
of sapphire substrates. The light extraction efficiency of AlN substrates was enhanced 
by 50% by roughening their back side [50]. Although surface modification leads to 
more than two-fold enhancement of the light extraction efficiency of visible LEDs, less 
efficient enhancement was achieved in DUV-LEDs, so this important problem still 
needs to be solved. 
 
1-4. Objectives and Outline of This Thesis 
The objectives of this research are to contribute to the development of crystal growth 
technology of AlGaN-based material systems and facilitate the practical use of 
AlGaN-based DEV-LEDs by addressing the technological issues described in Section 
1-3 that are obstacles currently preventing use of AlGaN-based DEV-LEDs as practical, 
reliable DUV light sources. Thus, the research objectives of this thesis are to:  
(i) Improve the p-type conductivity of Mg-doped AlGaN with a high mole fraction of 
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Al. 
(ii) Prepare AlN substrates with low dislocation density and high UV transparency. 
(iii) Clarify the origin of the absorption band of AlN substrates in the DUV range. 
(iv) Fabricate DUV-LEDs on AlN substrates with low dislocation density and high UV 
transparency. 
(v) Improve the light extraction efficiency of DUV-LEDs on AlN substrates. 
 
This thesis describes the research to address objectives (i) – (v). The rest of this thesis 
is organized as follows, 
Chapter 2 outlines the general manufacturing process of DUV-LEDs as well as 
detailing the metal-organic chemical vapor deposition (MOCVD) and hydride vapor 
phase epitaxy (HVPE) growth technologies used in this study. 
Chapter 3 focuses on research objective (i); growth and characterization of p-type 
Mg-doped Al0.7Ga0.3N layers. The effect of MOCVD growth conditions such as V/III 
ratio and Mg concentration on the optical and electrical properties of the layers is 
determined using photoluminescence and temperature-dependent Hall effect 
measurements. 
Chapter 4 considers on research objectives (ii) – (iv); fabrication of AlN substrates 
and DUV-LEDs on them. AlN substrates are prepared by the growth of thick AlN layers 
by HVPE on PVT-AlN seed substrates. Detailed structural and optical analyses are 
performed to evaluate the crystalline quality and investigate the origin of the absorption 
band of AlN in the DUV range. Then, DUV-LEDs are fabricated on the HVPE-AlN 
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substrates. Transmission electron microscopy (TEM) and X-ray diffraction 
measurements are used to characterize the LED layers grown on the HVPE-AlN 
substrates. The performance and reliability of DUV-LEDs fabricated on HVPE-AlN 
substrates are compared with those of DUV-LEDs on sapphire substrates. 
Chapter 5 focuses on research objective (v); fabrication of nanoscale light extraction 
structures on AlN substrates as well as investigation of light enhancement effect 
achieved by introducing various light extraction structures onto 265-nm DUV-LEDs 
fabricated on HVPE-AlN substrates. Several types of nanoscale structures are prepared 
by electron beam lithography and inductively coupled plasma (ICP) etching on the back 
side of AlN substrates. The effect of variation of light extraction structures on the 
enhancement of output power measured through the AlN substrate is reported. 
Chapter 6 states the conclusions of this thesis. 
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Figure 1-1 Variation of the bandgap energy of III-nitride materials with the lattice 
constant a. 
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Figure 1-2 A p-n homojunction structure under (a) zero bias and (b) forward bias. 
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Figure 1-3 A p-n heterostructure with multiple QW layers under forward bias. 
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Figure 1-4 Maximum EQE determined for UV-LEDs with various emission 
wavelengths reported by different research groups. 
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Table 1-1 Comparison of mercury vapor lamps with AlGaN-based DUV-LEDs 
 
Mercury vapor lamp AlGaN-based DUV-LED 
Device size Tubes up to 1 m ~1 mm
2
 
Toxicity Toxic mercury No toxic elements 
Spectrum 
Specific peaks defined by 
mercury vapor arc 
Single peak with 
customizable wavelength 
Power consumption High Low 
Lifetime 2,000 h average 
over 10,000 h 
demonstrated 
Warm-up time 30 sec – 30 min Immediate 
Design Flexibility Straight and long 
Can be designed to 
system requirements 
Robustness 
Fragile quartz breakable 
construction 
Shock resistant 
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Table 1-2 Room-temperature lattice and thermal expansion coefficient mismatch 
between AlGaN (GaN and AlN) and substrate materials 
 Substrate 
material 
Film material 
GaN AlN 
a-axis lattice mismatch [%] 
sapphire 16.1 13.3 
6H-SiC 3.2 0.7 
AlN -2.4 0 
Thermal expansion coefficient  
mismatch [%] 
sapphire -25.5 -44.7 
6H-SiC 33.1 -1.2 
AlN 34.7 0 
Mismatch [%] = (Film – Substrate) / (Substrate)× 100 
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Chapter 2 
Manufacturing Process of Deep Ultraviolet 
Light-Emitting Diodes 
2-1. General Manufacturing Process of Light-Emitting Diodes 
 Figure 2-1 shows the general fabrication process of a DUV-LED die. Sapphire, SiC, 
and AlN single crystals are used as substrates. Single-crystalline AlxGa1-xN thin films 
for LEDs are epitaxially grown on substrates by MOCVD. LED layers consist of an 
n-type AlxGa1-xN layer, active layer, and p-type AlxGa1-xN layer. Also, an AlN buffer 
layer is commonly grown on substrates to reduce the dislocation density in LED layers 
[1–6]. After the growth of LED layers, an annealing process under N2 atmosphere is 
carried out to activate p-type layers [7, 8]. Then, ICP etching or reactive ion etching 
(RIE) with Cl or F plasma is carried out to expose the n-type AlxGa1-xN layer. Because 
substrates such as sapphire and AlN are dielectric, etching is necessary to obtain an 
n-type contact. After etching, p- and n-type electrodes are formed on p-type (Al) GaN 
and n-type AlxGa1-xN layers, respectively. LED wafers are then separated by dicing or 
scribing into dies after the back side of the LED wafer is ground down to ~100 μm thick. 
For DUV-LEDs, because of the lack of a transparent electrode and necessity of a p-GaN 
contact layer to form a p-type ohmic contact, DUV light generated from the active layer 
is extracted via the substrate. Thus, DUV-LED dies are flip-chip mounted on a 
submount via an Au bump or solder. 
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2-2. Crystal Growth Methods 
2-2-1. Metal-organic Chemical Vapor Deposition (MOCVD) 
While many techniques are used to grow III-nitrides such as MOCVD, molecular 
beam epitaxy (MBE), and HVPE, MOCVD is the most advanced method to grow 
single-crystalline layers for use in optoelectronics devices. The advantages of MOCVD 
over other methods are epitaxial growth on multiple wafers with large diameter (up to 8 
inch) and process stability, which make MOCVD suitable for large-scale production. 
Also, MOCVD is suitable for the growth of single-crystalline films at growth rates in 
the range of a few nanometers to tens of micrometers per minute. This range of growth 
rates is adequate to fabricate LEDs or electrical devices. Therefore, at present most 
III-nitride-based optoelectronics devices such as blue and white LEDs that are produced 
in bulk are fabricated by MOCVD. 
In this study, AlGaN epilayers were grown using a commercially available MOCVD 
reactor (AIX200 RF/S, AIXTRON AG) in horizontal flow. This MOCVD reactor can 
handle a single wafer with two-inch diameter. Trimethylaluminum {(CH3)3Al; TMA} 
and trimethylgallium {(CH3)3Ga; TMG} were used as metal-organic (MO) sources of 
Al and Ga, respectively. Ammonia (NH3) was used as a source gas of nitrogen (N). 
TMA and TMG were introduced with H2 carrier gas into the reactor and reacted with 
NH3 on the surface of the locally heated substrate. For Si and Mg dopants, 
tetraethylsilane and bis-cyclopentadienyl magnesium were used. The temperature and 
pressure of MO sources were controlled to ensure constant vapor pressure. All gas flow 
rates were controlled with mass flow controllers. The reactor possessed a stainless steel 
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chamber with a water cooling system in which a horizontal quartz tube was located to 
obtain laminar gas flow (Figure 2-2). A silicon carbide-coated graphite susceptor was 
locally heated by the radio-frequency heating method. Growth temperature was 
controlled by monitoring susceptor temperature using an infrared radiation thermometer. 
Typical growth temperature and pressure are 1250 °C and 35 mbar, respectively, for 
AlN and 1100°C and 50 mbar, respectively, for AlGaN. 
 
2-2-2. Hydride Vapor Phase Epitaxy (HVPE) 
For the growth of single-crystalline AlN substrates, PVT and HVPE show promise 
over other growth methods such as solution growth and flux growth because they allow 
growth of high-quality single-crystal AlN at sufficient growth rate. 
Low dislocation density and sufficient diameter to use as a substrate have been 
achieved in bulk AlN prepared by PVT [9–12]. While this is currently the most 
advanced method to grow bulk AlN with high crystalline quality, these crystals typically 
show considerable light absorption in the DUV region. The origin of this absorption 
band is thought to be the high concentration of impurities or point defects in AlN 
because of the necessity of a high growth temperature of over 2000 °C, which leads to 
contamination of AlN with impurities from reactor parts. In contrast, in the case of 
HVPE, contamination with impurities from reactor parts is negligible compared with 
that in PVT because of its much lower growth temperature. Thus, it is possible to grow 
high-purity AlN with high transparency in the DUV region. 
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In this study, AlN substrates were grown using a custom-made HVPE reactor. The 
HVPE reactor was made from quartz glass and surrounded by a resistive heating 
furnace, i.e., a hot-wall reactor, and consisted of source and growth zones. A schematic 
diagram of the HVPE reactor and basic reaction at each zone are shown in Figure 2-3. 
In the source zone, AlCl3 was formed by the reaction between Al metal and HCl gas at 
500 °C. AlCl3 was introduced into the growth zone with hydrogen and nitrogen mixed 
carrier gas. In the growth zone, AlCl3 and NH3 were separately supplied to the substrate. 
The susceptor used in this study had a heating element coated with pyrolytic boron 
nitride-coated graphite (pG/pBN heater). Applying electric power to pG/pBN heater 
allowed the substrate positioned on the susceptor to be heated to 1450 °C during AlN 
growth. 
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Figure 2-1 General fabrication process of DUV-LEDs. 
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Figure 2-2 Photographs of (a) whole apparatus and (b) growth chamber of 
MOCVD reactor. 
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Figure 2-3 Schematic diagram of HVPE reactor and basic reactions. 
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Chapter 3 
High p-type Conduction in Mg-doped AlGaN 
with a High-Al content 
3-1. Introduction 
Recently, there have been reports on improvement in the external quantum efficiency 
of over 1% for sub-300 nm DUV-LEDs [1–5]. Despite numerous efforts, the quantum 
efficiency of these devices remains much lower than that of blue or near-UV LEDs. To 
realize high-efficiency DUV-LEDs, it is crucial to obtain a highly conductive p-type 
AlxGa1−xN layer with a high Al mole fraction. Unfortunately, this is difficult because of 
the large ionization energy of the acceptor and the low formation energy of the 
compensation defects in materials with high Al mole fractions [6–8]. Typically, the 
activation energy of an Mg acceptor in AlxGa1−xN alloys rises from 160 meV to 500 
meV with an increasing Al mole fraction, for x in the range of 0–1 [6]. The nitrogen 
vacancies, which act as compensation centers, have a low formation energy, which 
became smaller with an increasing Al mole fraction [7, 8]. Consequently, there have 
only been few reports on the p-type conduction characteristics in AlxGa1−xN alloys with 
a high-Al content and an x over 0.5 [9–12]. The highest resistivity reported for p-type 
Al0.7Ga0.3N is 10
5
 Ωcm, at room temperature. 
In this chapter, a direct relationship between the p-type conduction and corresponding 
growth conditions is revealed experimentally, using photoluminescence (PL) and Hall 
effect measurements to overcome the earlier problems, to suppress self-compensation 
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from nitrogen vacancies in Mg-doped AlGaN with a high Al content. The growth of 
highly conductive p-type Mg-doped Al0.7Ga0.3N thin films is reported and the extremely 
small activation energy at temperatures below 500 K is determined from the 
temperature-dependent electrical properties of the p-type conduction. 
 
3-2. Experimental Procedure 
Mg-doped Al0.7Ga0.3N layers were grown on (0001) oriented sapphire substrates in a 
horizontal-flow MOCVD reactor (Aixtron AG, AIX200/4RF-S). Trimethylaluminum, 
trimethylgallium, solid bis-cyclopentadienyl magnesium and ammonia were used as 
precursors. These precursors were introduced into the reactor with hydrogen as the 
carrier gas. A 0.45-μm-thick AlN layer was grown using AlN crystals as the nuclei, 
followed by growing a 0.4-μm-thick Al0.7Ga0.3N buffer layer. A 0.5-μm-thick Mg-doped 
Al0.7Ga0.3N layer was then grown on the Al0.7Ga0.3N buffer layer. The typical growth 
temperature and pressure used were 1140 °C and 50 mbar, respectively. The V/III ratio 
during growth of the Mg-doped Al0.7Ga0.3N layers was varied by varying the NH3 flow 
rate. A p-type GaN cap layer was not used to avoid two-dimensional hole gas 
conduction in electrical measurements. After the growth of the films, post-annealing 
was carried out under a N2 gas flow at 850 °C. The samples were then cleaned in boiling 
aqua regia prior to deposition of Ni/Au metal contacts. The Ni/Au metal contacts were 
annealed at 550°C for 3 min. The hole concentration, hole mobility and resistivity were 
measured with a temperature-dependent Hall effect measurement using the van der 
Pauw method. The Mg concentration was measured by secondary ion mass 
 High p-type Conduction in Mg-doped AlGaN 
with a High-Al Content 
40 
 
spectrometry (SIMS). PL measurements were performed at room temperature using a 
pulsed ArF excimer laser with a wavelength of 193 nm. 
 
3-3. Results and Discussion 
Figure 3-1 shows the Mg concentration profile of layers grown with various Cp2Mg 
flow rates, measured by SIMS. The average Mg concentration in the Mg-doped layer 
increased from 7.8 × 10
18
 to 3.6 × 10
19
 cm
-3
 with a Cp2Mg flow rate increasing from 
100 to 400 sccm. For the samples with flow rates of 200 and 300 sccm, although the Mg 
concentration slightly increased toward the surface because of an increase in the surface 
roughness during growth, segregation of Mg at the surface or interface between the 
Mg-doped and non-doped Al0.7Ga0.3N layers was not observed. A humped concentration 
profile was observed for the samples with flow rates of 300 and 400 sccm, which 
correlated with the inversion domain boundaries [11]. 
Figure 3-2 shows room-temperature PL spectra of the Mg-doped Al0.7Ga0.3N alloys 
grown by varying the (a) V/III ratio and (b) the Mg concentration. By increasing the 
V/III ratio from 1300 to 1800, the intensity of the peak emission at ~4.1 eV was 
significantly reduced. Nakarmi et al. reported that the emission at 4.1 eV originated 
from recombination of the nitrogen vacancies with three positive charges (VN
3+
) and the 
Mg acceptor, and the formation of VN
3+
 was suppressed by increasing the V/III ratio up 
to 5000 during the growth of the p-type Al0.7Ga0.3N with a Mg concentration of 1 × 10
20
 
cm
-3
 [9]. However, the VN
3+
 related to the peak intensity could be suppressed with a 
much lower V/III ratio. The VN
3+
 nitrogen vacancy had the smallest formation energy of 
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the p-type AlGaN alloys tested, becoming smaller as the Fermi level got closer to the 
valence band [7, 8]. We tentatively considered that the discrepancy in the V/III ratio 
stemmed from the larger formation energy of VN
3+
 and the higher crystalline quality for 
the growth conditions with an Mg concentration lower than 10
20
 cm
-3
. The dependence 
of the Mg concentration on the PL spectra is shown in Figure 1(b). The peak intensity of 
the band-edge emission at 5.1 eV decreased, while the VN
3+
 related peak intensity 
slightly increased with an Mg concentration increasing from 7.8 × 10
18
 to 3.6 × 10
19
 
cm
-3
. The results of the PL spectra are in reasonable agreement with the features for the 
predicted VN
3+
 formation dynamics. 
Figure 3-3 shows the temperature dependence of the I-V characteristics for the 
thermally annealed Ni/Au contacts formed on Mg-doped Al0.7Ga0.3N with an Mg 
concentration of 3.3 × 10
19
 cm
-3
. At room temperature, nonlinear I-V behavior with a 
Schottky barrier height of ~10 V was observed. The I-V behavior became increasingly 
linear as the measurement temperature was increased, Ohmic properties were obtained 
over 363 K. To make precise measurements of the electrical properties using the van der 
Pauw method, Ohmic contacts are crucial. Therefore, temperature variations with the 
Hall effect measurements using the van der Pauw method were carried out above 363 K. 
Figure 3-4 shows the temperature dependence of the (a) hole concentration and (b) 
electrical resistivity with various Mg concentrations. These results suggested that two 
different hole transport mechanisms were present in the low resistivity samples. In the 
high-temperature region (T > 500 K), the temperature dependence of the data followed 
an Arrhenius slope. The activation energy was estimated to be around 400 meV, which 
coincided with the previously reported value [9, 10]. Thus, in the high-temperature 
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region, it is reasonable to assume that the p-type conduction arose primarily from the 
hole charge carriers that were thermally excited from the conventional deep Mg 
acceptor level. At temperatures below ~500 K, the hole concentration and resistivity, 
with Mg concentrations in the range of 2.6–3.6 × 1019 cm-3, were both independent of 
the temperature. The effective activation energy (Ea) calculated from the Arrhenius plot 
was 47–72 meV in the low-temperature region, which is much lower than the 
conventional Mg activation energy. The hole concentration and resistivity at room 
temperature were roughly estimated from the Arrhenius plots in the low-temperature 
region using an extrapolation mothod, they were 1.3 × 10
17
 cm
-3
 and 47 Ωcm, 
respescively, with a Mg concentration of 3.3 × 10
19
 cm
-3
. This resistivity was the same 
as the value measured with the four-terminal resistance measurement technique at room 
temperature. This value is the highest p-type conductivity ever reported for p-type 
AlxGa1−xN with an Al mole fraction over 0.5. 
The temperature dependence of the low resistivity samples suggested that a hopping 
or impurity-band conduction mechanism was dominant at low temperatures. For p-type 
GaN and InGaN, similar behavior was observed in the temperature-dependent electrical 
properties [13, 14]. The typical temperature where hole-hopping conduction became 
more prominent than thermally activated hole conduction was below ~250 K in p-type 
GaN and InGaN. This temperature increased to ~500 K in p-type Al0.7Ga0.3N. This was 
because p-type Al0.7Ga0.3N acceptors with Mg have a larger thermal activation energy 
than GaN and InGaN. 
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3-4. Summary 
Highly conductive p-type Al0.7Ga0.3N with a resistivity of 47 Ωcm was demonstrated 
at room temperature. PL measurements indicated that Mg doping with a high V/III ratio 
and a moderate Mg concentration effectively suppressed the self-compensation via the 
formation of VN
3+
 defects. Temperature-dependent Hall effect measurements showed 
that Al0.7Ga0.3N films with Mg concentrations of 2.6–3.6 × 10
19
 cm
−3
 had extremely 
small effective activation energies of 47–72 meV at temperatures below 500 K. The 
reduction in the effective activation energy and high p-type conduction in Al0.7Ga0.3N 
with a high-Al content demonstrated in this work could lead to dramatic improvements 
in the series resistance and device performance of DUV-LEDs, especially in terms of 
the efficiency and lifetime of high-power devices. 
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Figure 3-1 Mg concentration depth profiles in Mg-doped Al0.7Ga0.3N layers 
grown with various Cp2Mg flow rates, measured using SIMS. 
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Figure 3-2 Temperature dependence of I-V characteristics of thermally annealed 
Ni/Au contacts. 
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Figure 3-3  PL spectra of Mg-doped Al0.7Ga0.3N films grown with various (a) 
V/III ratios ([Mg] = 3.6 × 10
19
 cm
-3
) and (b) Mg concentrations (V/III ratio = 1800). 
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Figure 3-4 Temperature dependence of the hole concentration (a) and resistivity 
(b) in p-type Al0.7Ga0.3N films grown with various Mg concentrations. Dashed lines are 
the fitting results of the Arrhenius plots in the low-temperature region (T ≤ 500 K). 
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Chapter 4 
Deep Ultraviolet Light-Emitting Diodes 
Fabricated on HVPE-AlN Substrates 
4-1. Introduction 
The use of DUV light to disinfect water, air, and surfaces is attracting attention as an 
efficient disinfection method without the need for harsh chemicals. Traditionally, 
mercury vapor lamps have been used as UV light sources. However, these lamps use 
mercury, which is toxic, an they have a short lifetime, and require relatively high power 
to run (as mentioned in chapter 1). Promising alternative UV light sources to mercury 
lamps are AlGaN-based DUV LEDs with an emission peak at ~265 nm, which 
corresponds to the absorption maximum of DNA [1–6]. Highly efficient and reliable 
DUV-LEDs can be realized by growing AlGaN-based device structures on bulk AlN 
substrates with a low dislocation density [4, 7]. A low dislocation density and a 
sufficient substrate diameter have been achieved in bulk AlN prepared by physical 
vapor transport (PVT) [8, 9]. While this is the most advanced method to grow 
high-crystalline-quality bulk AlN films, significant light absorption in the DUV region 
was typically observed in these crystals [10–13]. To minimize the loss caused by 
absorption in the PVT-AlN substrates, substrates with an absorption coefficient of 35 
cm
-1
 are necessary to be thinned down to 20 μm [10]. 
As mentioned in Chapter 2, HVPE is another promising method for fabricating AlN 
substrates because HVPE can create a thick AlN layer with high transparency in the 
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DUV region. One possible scheme for fabricating a freestanding AlN substrate is 
growing a thick AlN layer on a foreign substrate, such as Si or sapphire using HVPE 
and subsequently separating the substrate from the AlN layer [11–13]. However, in 
doing this the thick AlN layers generally have large numbers of dislocations and cracks 
as a result of the difference in the lattice constants and thermal expansion coefficients 
between AlN and substrate material. This is a problem when preparing AlN substrates. 
Therefore, a preferable way to grow thick AlN layers with HVPE is to use AlN as a 
seeding substrate. 
In this chapter, thick AlN layers are grown on bulk PVT-AlN substrates with low 
dislocation densities and high transparency in the UV region using HVPE. The 
structural characteristics of AlGaN-based LED layers and the device performance of 
DUV-LEDs with an emission peak at ~265 nm fabricated on HVPE-AlN substrates are 
reported. 
 
4-2. Fabrication of AlN Substrates using HVPE 
A 550-nm-thick c-plane AlN substrate, prepared by PVT (HexaTech Inc.), was used 
for the starting substrate. The dislocation density of the PVT-AlN substrates has been 
reported to be 10
2–103 cm-2 [14, 15]. Typical full-width half maximum (FWHM) values 
for the X-ray ω-rocking curves were below 50 arcsec for both the (0002) and (101
－
1) 
reflections. Prior to HVPE-AlN growth, the substrates were cleaned in H2SO4:H3PO4 
(3:1) at 90 °C for 10 min [16]. The PVT-AlN substrates were then set in a HVPE reactor. 
After a growth temperature of 1450 °C was reached a 200–300-μm-thick AlN layer was 
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grown with AlCl3 and NH3 partial pressures of 4 × 10
-4
 and 1.6 × 10
-3
 atm, respectively. 
The typical growth rate obtained under this condition was 25 μm/h. For evaluation of 
the crystalline quality of the HVPE-AlN films, a PVT-AlN portion of some of the 
samples was removed by mechanical polishing, to obtain a free-standing HVPE-AlN 
substrate. 
Figure 4-1 shows transmission electron microscope (TEM) images of the HVPE-AlN 
and PVT-AlN layers and a PVT:HVPE-AlN interface. No dislocations were observed in 
these images, which meant that the HVPE-AlN layers were grown on PVT-AlN 
substrates without the generation of dislocations. Figure 4-2 shows the X-ray ω-rocking 
curves for the (0002) and (101
－
1) reflections of the PVT- and HVPE-AlN substrates. The 
FWHM values for the (0002) and (101
－
1) reflections of the PVT-AlN substrate were 15 
and 30 arcsec, respectively. The FWHM values for the HVPE-AlN substrate were 31 
and 32 arcsec, which were similar to the values obtained for the PVT-AlN substrate. 
The optical transparencies of the HVPE- and PVT-AlN substrates were examined by 
preparing HVPE-AlN and PVT-AlN substrates that were polished on both sides. 
The lattice parameters of the PVT- and HVPE-AlN substrates were measured at room 
temperature with a Fewster method using XRD 2θ-ω scan of the (0006) and (101
－
5) 
reflections, performed in the triple-axis configuration with a Ge (220) analyzer crystal 
[17]. The lattice parameters for the PVT-AlN substrate were a = 3.111 and c = 4.9809 Å 
and those for the HVPE substrate were a = 3.111 and c = 4.9808 Å. These results 
indicated that a HVPE-AlN layer was grown on the PVT-AlN substrate without any 
distortions, because the lattice parameters for the HVPE- and PVT substrates were 
almost identical. 
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Figure 4-3 shows photographs of a PVT-AlN substrate and a freestanding HVPE-AlN 
substrate. The PVT-AlN substrate was amber in color and the HVPE-AlN substrate was 
transparent. 
Figure 4-4 shows the optical transmission spectra, including reflection losses 
obtained at an incidence normal to the AlN substrate, from the ratio of the transmitted 
light intensity (I) to the incident light intensity (I0). The optical transmittance of the 
PVT-AlN substrates used in this study vanished below 300 nm. Although weak 
absorption bands were observed at ~450 nm, the HVPE-AlN had a large external optical 
transmittance below 600 nm, with a steep optical transmission cutoff at 206.5 nm (6.00 
eV). Although the PVT- and HVPE-AlN substrates had similar structural properties, 
their optical transmittance in the DUV range was different. The absorption bands at 
~4.7 eV (265 nm) were attributed to the presence of substantial carbon impurities at the 
nitrogen sites (CN) [18–20]. Table 4-1 showed that the concentrations of carbon and 
other elemental impurities in the HVPE-AlN substrates were much lower than those in 
the PVT-AlN substrates. This led to a dramatic improvement of optical transmittance in 
the DUV range for the HVPE-AlN substrates. The optical transmittance of the 
HVPE-AlN substrate at 265 nm was as high as 72%. This value is close to the ideal 
value, when surface reflections are taken into account. The intrinsic absorption 
coefficient at 265 nm, measured with a spectroscopic ellipsometry (J. A. Woollam 
M-2000D), was 6.6 cm
-1
, corresponding to an internal transmittance over 95%. 
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Figure 4-1 Transmission electron microscope (TEM) images of the HVPE-AlN 
and PVT-AlN layers and a PVT:HVPE interface. 
  
  DUV-LEDs Fabricated on 
HVPE-AlN Substrates 
55 
 
 
 
 
 
 
Figure 4-2 X-ray ω-rocking curves of the (0002) and (101
－
1) reflections from the 
PVT- and HVPE-AlN substrates. 
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Figure 4-3 Photographs of (a) a PVT-AlN substrate and (b) a HVPE-AlN 
substrate. 
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Figure 4-4 External optical transmittance of HVPE- and PVT-AlN substrates. The 
thicknesses of the HVPE- and PVT-AlN substrates were both 114 μm. 
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Table 4-1 Impurity concentrations in the PVT- and HVPE-AlN substrates 
(atoms/cm
3
) measured by SIMS. 
 H C O Si Cl 
PVT-AlN < 5 × 10
17
 3 × 10
19
 2 × 10
19
 5 × 10
18
 < 3 × 10
14
 
HVPE-AlN < 5 × 10
17
 < 2 × 10
17
 < 4 × 10
17
 2 × 10
17
 1 × 10
15
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4-3. Fabrication and Characterization of Deep Ultraviolet 
Light-Emitting Diodes on HVPE-AlN Substrates 
After growth of the HVPE-AlN substrates, the surface of the HVPE-AlN layer was 
chemo-mechanically polished (CMP) for subsequent epitaxial growth 
(HVPE-AlN/PVT-AlN substrate). The atomic force microscopy (AFM) studies of the 
CMP processed HVPE-AlN layers revealed that the surface morphology was smooth 
with an rms roughness of less than 0.2 nm, as shown in Figure 4-4. 
A schematic of the DUV-LED structure used in this study is shown in Figure 4-5. 
First, a 100-nm-thick AlN homoepitaxial layer was grown on the polished HVPE-AlN 
surface, followed by a 1.0-μm-thick Si-doped n-Al0.75Ga0.25N heteroepitaxial layer. 
Figure 4-6 shows the X-ray ω-rocking curves of the (0002) and (101
－
2) reflections for 
the n-Al0.75Ga0.25N heteroepitaxial layer. The FWHM values of the (0002) and (101
－
2) 
reflections were 42 and 41 arcsec, respectively. Figure 4-7 shows a HRXRD reciprocal 
space map for a n-Al0.75Ga0.25N layer grown on a HVPE-AlN/PVT-AlN substrate for the 
asymmetric (112
－
4) plane. The reciprocal points of the Al0.75Ga0.25N layers were in the 
vertical Qx alignment with that of the AlN substrate, which indicated that the 
n-Al0.75Ga0.25N layer was coherently grown on the AlN substrate. The typical carrier 
concentration and resistivity for the n-Al0.75Ga0.25N layer were 1 × 10
19
 cm
-3
 and 1.5 × 
10
-2
 Ωcm, respectively. The active region consisted of three multiple quantum wells 
(MQWs) whose target emission peak was set between 260 and 270 nm. A Mg-doped 
p-AlN electron blocking layer and a p-Al0.75Ga0.25N cladding layer were then grown on 
the MQWs. In this work, a p-GaN layer was deposited on the cladding layer to form a 
p-type ohmic contact, even though there was a large optical loss because the DUV 
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absorbed light in the GaN layer [21]. Figure 4-8 shows AFM images of the 
n-Al0.75Ga0.25N and MQW layers. These AFM images revealed that the AlxGa1-xN layers 
grown on HVPE-AlN substrates had atomically smooth surfaces with a well-defined 
step and terrace structure. 
DUV-LEDs, 400 × 600 μm2 in size, were fabricated using the conventional LED 
processing techniques of photolithography, dry etching, and metal evaporation. The 
finger-shaped electrode area was approximately 0.001 cm
2
. Thin Ni/Au and Ti/Al/Au 
films were used as p-type and n-type contacts, respectively. After fabrication of the 
LEDs, the backs of the substrates were mechanically polished to remove the PVT 
portion of the AlN substrate. The remaining HVPE-AlN substrates were approximately 
170 μm thick. The electroluminescence (EL) spectra of the on-wafer configurations 
were measured through the substrates before and after removing the PVT portion of the 
AlN substrate using a charge-coupled device photodetector with a spectrometer. The 
LED wafers were then diced and each chip was flip-chip-mounted onto a sintered AlN 
submount with Au-Sn solder bumps. The submount with a LED chip was then glued 
onto a 1.0 × 0.5 mm
2
 sintered AlN carrier with Ag paste. The electrical and optical 
characteristics of the fabricated DUV-LEDs were measured under continuous wave 
(CW) current injection at room temperature. The output power was measured using a 
calibrated integrating sphere. 
Figure 4-9 shows an HRXRD reciprocal space map of the DUV-LED structure for its 
asymmetric (112
－
4) plane. All of the layers, excluding the p-GaN layer, were coherently 
grown on the AlN substrates because the reciprocal points of the AlxGa1-xN layers were 
in vertical Qx alignment with the AlN substrates. This result indicated that AlxGa1-xN 
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layers were pseudomorphically grown on HVPE-AlN substrates. However, the p-GaN 
layer was almost completely relaxed. This was because of the large lattice mismatch 
(~2%) between the GaN and pseudomorphic p-Al0.75Ga0.25N layers. The p-GaN layers 
grew in a Stranski-Krastanov growth mode, where several monolayers of the GaN were 
initially grown on the p-Al0.75Ga0.25N layer, followed by GaN island nucleation, the 
islands then coalesced as the film thickness was increased [5].
 
Figure 4-10 shows a cross-sectional transmission electron microscope (TEM) image 
of the device structure. The TEM image revealed that no dislocations were generated at 
the interface between the HVPE-AlN and n-Al0.75Ga0.25N layers. No dislocations were 
observed through the LED structure, except for in the p-GaN layer, which was 
completely relaxed. The dislocation density at the MQWs, estimated from a series of 
TEM analyses, was less than 10
6
 cm
-2
. In contrast, misfit and threading dislocations 
were observed at the interface between the p-GaN and p-AlGaN layers. These 
observations, obtained from the TEM analyses, were consistent with the results obtained 
from the HRXRD reciprocal space mapping. 
The optical transparencies of the HVPE- and PVT-AlN substrates were examined by 
preparing AlN substrates of HVPE-AlN (170 μm thick) and PVT-AlN (550 μm thick), 
respectively, that were polished on both sides. Figure 4-11 shows the optical 
transmission spectra, including the reflection losses, obtained at an incidence normal to 
the AlN substrate, from the ratio of the transmitted light intensity (I) to the incident light 
intensity (I0). The optical transmittance of the PVT-AlN substrates used in this study 
vanished below 300 nm. Weak absorption bands at around 265 and 450 nm were 
observable and the optical transmittance of the HVPE-AlN substrate at 265 nm was as 
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high as 62%. Thus, the HVPE-AlN substrate markedly improved the transmittance in 
the DUV range, which is crucial for light extraction through the back of the wafers. The 
on-wafer EL spectra of the DUV-LEDs, before and after removing the PVT portion of 
AlN substrate are shown in Figure 4-12. After removing the PVT-AlN portion, a nearly 
symmetric, single-emission peak at a wavelength of 268 nm from the MQW was 
observed through the HVPE-AlN substrate. This was because the HVPE-AlN substrate 
had a higher optical transparency in the DUV region. For the PVT-AlN portion, no 
emission peak was observed below 300 nm. Instead, weak peaks at wavelengths of 
around 320 and 450 nm were observed, which is because of the PL from the PVT-AlN 
portion that was excited by emission from the MQW. 
Figure 4-13 shows the EL spectra of a flip-chip-mounted DUV-LED taken through 
the HVPE-AlN substrate under DC operation at currents in the range of 10–250 mA. A 
single peak emission at 266 nm with a FWHM of approximately 10 nm was observed in 
the range of operation. In addition to the peak emission, a weak parasitic peak at a 
wavelength of ~300 nm was also observed. This peak was likely caused by the 
recombination of the conduction band with the deep acceptor level in the 
p-Al0.75Ga0.25N cladding layer [22, 23]. 
Figure 4-14 shows the output power and EQE for the 266 nm DUV-LEDs as a 
function of the injection current. The CW output power and EQE with an injection 
current of 250 mA reached 36 mW and 3.1%, respectively. Typical I-V characteristics of 
the flip-chip mounted LED devices under forward and reverse biases are shown in 
Figure 4-15. The devices had an operating voltage of 12.2 V at 150 mA, which was 
higher than that in other reports, likely caused by the higher contact resistance in our 
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devices [1, 6]. The leakage current was below 10
-9
 A, even at a reverse bias of -10 V, as 
shown in the inset of Figure 4-15. 
For the reliability measurements, the relative output power was monitored over time 
using a calibrated photodiode under a constant DC current. The ambient temperature 
was maintained at 25 °C. Figure 4-16 shows the output power decay at 261 nm 
DUV-LEDs driven at 50 mA and 150 mA. For both operating conditions, the relative 
output power increased for several hours initially and then slightly decreased. This 
increase in the output power was caused by the self-heating effect, which resulted in 
activation of the p-type layers [24]. The relative output powers after 450 h of testing 
were 92% (50 mA) and 88% (150 mA) of the initial value. Faster output power decay 
rates were generally observed for higher operating currents [3]. However, a significant 
acceleration of the output power decay was not observed. In addition, while the 
operating voltage slightly increased (~1 V) compared with the initial value, the leakage 
current under a reverse bias of −10 V remained below 10-9 A. These results implied that 
the DUV-LEDs in this study had a high reliability, even when operated under a high 
current density. To estimate the lifetime, the degradation curves were fitted using: 
𝑃(𝑡) = 𝑃1 × 𝑒𝑥 𝑝(−𝛽1𝑡) + 𝑃2 × 𝑒𝑥 𝑝(−𝛽2𝑡) .    Eq. 4-1 
where Pn, βn (n = 1, 2) and t are the fitting parameters, degradation parameters and the 
operating time, respectively [25]. The solid lines in Figure 4-16 are the fitting results 
according to Eq. 4-1, which agreed with the experimental data. The optimal fitted values 
for β1 and β2 were 6.9 × 10
-3
 h
-1
 and 3.0 × 10
-5
 h
-1
 for 50 mA and 4.5 × 10
-3
 h
-1
 and 1.1 × 
10
-4
 h
-1
 for 150 mA, respectively. The lifetime for a 50% reduction in the output power 
at an operating current of 50 mA was estimated to be over 10,000 h. Furthermore, a 
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lifetime of over 5,000 h was estimated, even for a higher operating current of 150 mA. 
Next, a comparison between the HVPE-AlN and sapphire substrate was made. For 
the sapphire substrates, 2.5-μm-thick AlN layer was grown on top via an oxygen doped 
AlN nucleation layer [26]. Typical FWHM values of the ω-rocking curves, obtained 
from the (0002) and (101
－
2) reflections of the AlN layer were ~100 and ~600 arcsec, 
respectively. According to the calculations, these values corresponded to a dislocation 
(screw and edge) density of about 2 × 10
9
 cm
-2
 [27]. To investigate the effect of 
different substrates, the same LED structures were fabricated on both HVPE-AlN and 
sapphire substrates.  
Figure 4-17 shows a comparison between the output powers and EQEs of the 
DUV-LEDs fabricated with different substrate. The output power and EQE for the 
sapphire substrate were smaller than those for the HVPE-AlN substrate under DC 
operation at currents in the range of 10–100 mA. The EQE decreased and the output 
power became progressively saturated over 50 mA. In contrast, for the HVPE-AlN 
substrate, the EQE is almost constant at 2% and the output power increased according to 
the injection current. Figure 4-18 shows the output power decay for both types of 
DUV-LEDs, driven at 50 mA. The output power for the DUV-LED fabricated on a 
HVPE-AlN substrate was almost same after 20 h of testing. The DUV-LED fabricated 
on the sapphire substrate showed a fast decay of about 20% in the first 5 h with the 
output power reducing to almost zero. These results indicated that the HVPE-AlN 
substrate with a low dislocation density and high-UV transparency had a superior 
stability under a high operation current density, which resulted in a high output power 
per chip and device reliability. Thus, it is believed that DUV-LEDs on HVPE-AlN 
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substrates are the most promising device structure for future devices. 
 
4-4. Summary 
Freestanding AlN substrates were prepared from an HVPE layer and grown on a 
PVT-AlN substrate. HRXRD and TEM analyses revealed that HVPE-AlN grew without 
any distortions in the PVT-AlN substrates and had similar structural properties to the 
PVT-AlN substrates. The estimated dislocation density in the HVPE-AlN substrates 
was less than 10
6
 cm
-2
. The HVPE-AlN substrates had a larger external optical 
transmittance in the DUV range than the PVT-AlN substrates, which was brought about 
by the lower concentration of C in the HVPE-AlN substrates. 
AlGaN-based DUV-LEDs were fabricated on HVPE-AlN substrates. TEM analysis 
revealed that the dislocation density in the LED structure was similar to that of the 
HVPE-AlN substrates, which was below 10
6
 cm
-2
. The DUV-LEDs exhibited a single 
emission peak at 260–270 nm through the HVPE-AlN substrate after the PVT-AlN 
substrate was removed, which yielded a reduction in the optical loss, caused by 
absorption in AlN substrate. The output power and EQE at an injection current of 250 
mA were 36 mW and 3.1%, respectively. The lifetimes for the power to be reduced by 
50% at 50 mA and 150 mA were estimated to be over 10,000 and 5,000 h, respectively. 
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Figure 4-4  A 2 × 2 μm2 AFM image of a HVPE-AlN surface after chemical 
mechanical polishing. 
  
0 nm
2 nm
  DUV-LEDs Fabricated on 
HVPE-AlN Substrates 
67 
 
 
 
 
 
 
Figure 4-5 Schematic structure of DUV-LED. 
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Figure 4-6 X-ray ω-rocking curves of the (0002) and (101
－
2) reflections for a 
Al0.75Ga0.25N layer grown on a HVPE-AlN substrate. 
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Figure 4-7 HRXRD reciprocal space mapping of the asymmetric (112
－
4) plane for 
a n-Al0.75Ga0.25N layer grown on a HVPE-AlN/PVT-AlN substrate. 
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Figure 4-8 AFM images of the (a) MQWs and (b) n-Al0.75Ga0.25N layers grown 
on HVPE-AlN/PVT-AlN substrates. 
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Figure 4-9 HRXRD reciprocal space mapping of the asymmetric (112
－
4) plane for 
a DUV-LED structure. 
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Figure 4-10 Cross-sectional TEM image of a DUV-LED structure on an 
HVPE-AlN substrate. 
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Figure 4-11 External optical transmission spectra of a 170-μm-thick HVPE-AlN 
substrate and a 550-μm-thick PVT-AlN substrate. 
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Figure 4-12 EL spectra of the on-wafer configuration of a DUV-LED driven at 10 
mA before and after removing the PVT portion of the AlN substrate. 
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Figure 4-13 EL spectra of a flip-chip-mounted DUV-LED driven at 10–200 mA. 
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Figure 4-14 Output power and EQE of a flip-chip-mounted DUV-LED as a 
function of the injection current. 
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Figure 4-15 I-V characteristics of a flip-chip mounted LED device under a forward 
and a reverse bias. 
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Figure 4-16 Output power decay of 261-nm DUV-LEDs driven at 50 mA and 150 
mA. 
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Figure 4-17 Output power and EQE of DUV-LEDs fabricated on HVPE and 
sapphire substrates. The estimated dislocation density for an AlN layer grown on the 
sapphire substrate was 2 × 10
9
 cm
-2
. 
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Figure 4-18 Output power decay for DUV-LEDs fabricated on HVPE and sapphire 
substrates. 
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Chapter 5 
Fabrication of Light Extraction Structures 
on AlN Substrates 
5-1. Introduction 
One of the major issues preventing commercialization of DUV-LEDs is their limited 
light extraction efficiency. There are several reasons why the light extraction efficiency 
of DUV-LEDs is low. One is the absorption of photons directed towards at p-side layers, 
as mentioned in chapter 1. The principal reason also lies in the large refractive index (n) 
difference between AlGaN [1–3] and air. The critical angle for photons that can escape 
through AlN is only 24.6°. This small value results in low reported light extraction 
efficiencies of less than 4% [4]. To enhance light extraction efficiency, surface 
modification of the back side of substrates has generally been employed [4–6]. Khizar et 
al. [5] and Pernot et al. [6] reported that light extraction efficiency could be improved 
by 50% by surface modification of sapphire substrates. Meanwhile, Chen et al. [4] 
found that for AlN substrates, light extraction efficiency could be enhanced by 50% by 
roughening their back side. Although surface modification enhanced the light extraction 
efficiency of visible LEDs two-fold, the efficiency enhancement of DUV-LEDs was 
smaller. This serious problem still remains to be solved. 
Nanoimprint lithography is a promising technology to fabricate light extraction 
structures from the aspect of mass production because of the ability for high-throughput 
operation. However, it is difficult to optimize imprinted structures because the molds 
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used in this process are hard to change numerous times. In contrast, it is easy to change 
the pattern by varying the drawing program for electron beam lithography. Therefore, in 
this chapter, we used electron beam lithography to optimize light extraction structures to 
improve the light extraction efficiency of DUV-LEDs fabricated on HVPE-AlN 
substrates. Light extraction structures with various diameter and periodicity were 
fabricated on the back side of AlN substrates by electron beam photolithography and 
ICP etching. Then, we investigated the effect of these structures on the enhancement of 
light extraction efficiency of 265-nm DUV-LEDs on AlN substrates. 
 
5-2. Experimental Procedure 
The patterning of light extraction structures on AlN surfaces was performed using 
electron beam photolithography and ICP etching. Figure 5-1(a) shows the patterning 
process. After 300-nm-thick photoresist was spin coated on the AlN surface, triangular 
lattice patterns of circular air rod arrays with varying diameter d and periodicity a were 
drawn using electron beam photolithography (Figure 5-1(b)). The drawing area was 
600×600 μm. Then, 200-nm-thick Ni metal was deposited on the patterned photoresist 
to transfer the light extraction structure pattern onto the AlN surface. After removing the 
photoresist layer, the AlN surface was then ICP dry-etched with CHF3 plasma. Finally, 
residual Ni metal was removed by HCl etching. Structural characterization of the 
nanometer-scale patterns and subsequently fabricated light extraction structures was 
performed by scanning electron microscopy (SEM). 
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The light extraction structures were formed after completing LED fabrication, as 
mentioned in chapter 4. The DUV-LEDs used in this chapter had a peak emission 
wavelength of about 265 nm and circular p-contact with a 100-μm diameter. To 
investigate the effect of light extraction structure on the enhancement of light extraction 
efficiency, the on-wafer emission intensities of DUV-LEDs through the back side of 
HVPE-AlN substrates with and without light extraction structures were measured. The 
experimental set-up for this measurement, illustrated in Figure 5-2, enabled direct 
comparison between emission light intensity through the light extraction region and an 
unpatterned region using a Si photodiode. The relative emission intensity with light 
extraction structure versus the initial value (without light extraction structure) was used 
to compare the effects of different light extraction structures. 
 
5-3. Fabrication of light extraction structures on AlN 
substrates 
Figure 5-3 shows the plan-view SEM images of 200-nm-thick Ni masks on AlN 
substrates fabricated with various diameters, periodicities, and electron beam conditions. 
For the patterns with periodicity ranging from 300 to 600 μm, Ni mask patterns 
collapsed when the diameter was close to the periodicity (a, b, c, and d-3). In contrast, 
in the case of periodicity of 800 and 1000 μm, as-designed Ni mask patterns were 
obtained under all conditions. ICP etching of AlN substrates was then carried out for the 
samples a-2, b-2, c-2, d-2, e-6, and f-6. Figure 5-4 shows cross-sectional SEM images 
of AlN substrates after ICP etching for 18 min. The aspect ratio of samples was less 
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than 0.5 and decreased with increasing periodicity. In addition, remaining Ni mask was 
observed on the top of the convex cylinder for all samples except that with a periodicity 
of 300 nm. These results imply that both longer etching and smaller diameter than those 
of the samples shown in Figure 5-4 were needed to increase aspect ratio. We then 
prepared two additional samples with designed diameter d and periodicity a of (a) d = 
300 nm, a = 600 nm and (b) d = 400 nm, a = 1000 nm. Cross-sectional SEM images of 
these AlN substrates after ICP etching for 54 min are depicted in Figure 5-5. Aspect 
ratios of sample (a) and (b) were increased to 0.8 and 1.0 using the longer etching time. 
Also, in these samples, small round convex structures with a diameter of ~50 nm 
formed on the surface that was not covered by the Ni mask. Figure 5-6 shows bird’s eye 
views of round convex structures formed (a) between periodic convex cylinders and (b) 
on a flat region. SEM-energy-dispersive X-ray (EDX) analysis revealed that these round 
convex structures was composed of only AlN. This hybrid convex structure with 
periodic convex cylinders and small round convex structures was formed by ICP 
etching of the AlN substrate with the original Ni mask and small Ni particles that were 
formed by the etching of the original Ni mask and then deposited on the AlN surface 
again. 
 
5-4. Enhancement of light extraction efficiency 
The light extraction structures are compared in Figure 5-7. Sample A, B, C, and D are 
the same samples as those shown in Figure 5-4(a), Figure 5-6(b), and Figure 5-5(a) and 
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(b), respectively. It should be noted that sample C and D both possessed a hybrid 
convex structure with periodic convex cylinders and small round convex structures. 
Figure 5-8 shows the relative emission intensities of DUV-LEDs with the various 
light extraction structures shown in Figure 5-7. The error bar for each data set indicates 
the standard deviation. The average relative emission intensities of sample A and B 
were about 1.3. Although sample A had a similar light extraction structure to that 
reported for a sample on a sapphire substrate [6], its light emission enhancement was a 
little smaller, which was probably caused by the larger difference of refractive index 
between AlN (n = 2.4) and air compared with that between sapphire (n = 1.8) and air. 
For sample C and D, the average relative emission intensities recorded were as high 
as 1.7. To the best of our knowledge, this is the highest enhancement of light extraction 
in DUV-LEDs obtained by surface modification [5-7]. These remarkable enhancements 
of relative emission intensity are caused by the multiplier light enhancement effects of 
periodic convex cylinders and small round convex structures. The standard deviations 
of enhancement for sample A, C, and D were 0.016, 0.029, and 0.026, respectively, 
while that for sample B was 0.04, which was slightly larger than the others probably 
because of the structural deviation. However, deviations of light enhancement values in 
former reports [4,6] were much larger than those in this study, which indicates that the 
fabrication process of nanoscale lithography and subsequent ICP etching used in this 
study can produce uniform light extraction structures, which results in uniform light 
enhancement. 
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5-5. Summary 
Light extraction structures with various diameter and periodicity were fabricated on 
the back side of AlN substrates by electron beam photolithography and ICP etching. 
After optimizing nanoscale patterns and ICP etching conditions with CHF3 plasma, a 
uniform light extraction structure with convex cylinders with an aspect ratio of over 0.8 
was obtained. Furthermore, a novel hybrid light extraction structure with periodic 
convex cylinders as well as small round convex structures was successfully fabricated. 
The relative emission intensity observed for the hybrid light extraction structure was 1.7, 
which is the highest light enhancement of DUV-LEDs achieved by surface modification 
to date. In addition, small deviations of light enhancement were achieved by the 
nanoscale lithography and subsequent ICP etching technologies used in this study. 
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Figure 5-1 (a) The patterning process of light extraction structures on AlN 
surfaces and (b) triangular lattice patterns drawn by electron beam photolithography. 
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Figure 5-2 Experimental set-up to measure emission intensity. 
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Figure 5-3 Plan-view SEM images of 200-nm-thick Ni masks on AlN substrates 
fabricated with various diameters, periodicities, and electron beam conditions. 
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Figure 5-4 Cross-sectional SEM images of ICP-etched AlN substrates with 
various periodicities. Etching time was kept to be 18 min for all samples. 
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Figure 5-5 Cross-sectional SEM images of AlN substrates etched with ICP for 54 
min. Designed diameter d and periodicity a were (a) d = 300 nm, a = 600 nm and (b) d 
= 400 nm, a = 1000 nm. 
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Figure 5-6 The SEM bird’s eye views of AlN round convex structures formed (a) 
between periodic convex cylinders and (b) on a flat region. 
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Figure 5-7 The light extraction structures of samples used to compare the 
enhancement of light extraction efficiency. Sample C and D had a hybrid light 
extraction structure. 
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Figure 5-8 The relative emission intensities of DUV-LEDs with various light 
extraction structures to initial values.  
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Chapter 6 
Conclusion 
 
In chapter 1, the importance of DUV light and the current status of its light sources 
were described. Then, the technological issues faced by AlGaN-based DUV-LEDs and 
the objectives of this study were summarized. DUV light with wavelengths between 200 
and 300 nm is broadly employed in modern society. Although mercury vapor lamps 
have many problems such as short lifetime, large device size, and high operating power 
as well as containing toxic mercury, they have been widely used in many applications 
because of the lack of an alternative light source. AlGaN-based DUV-LEDs are a 
promising alternative to solve the issues faced by mercury vapor lamps. However, 
AlGaN-based DUV-LEDs have several important problems that currently limit their 
performance and reliability. 
In this thesis, we attempted to solve these problems by development of MOCVD 
growth technology of highly conductive p-type AlGaN with high Al content, fabrication 
of AlN substrates with high crystalline quality and UV transparency by HVPE, 
development of DUV-LEDs fabricated on HVPE-AlN substrates, and improvement of 
light extraction efficiency by introducing nanoscale light extraction structures onto 
HVPE-AlN substrates. 
In chapter 2, the general manufacturing process of DUV-LEDs as well as details of 
the MOCVD and HVPE growth technologies used in this study were presented. 
In chapter 3, highly conductive p-type Al0.7Ga0.3N with a resistivity of 47 Ωcm at 
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room temperature was demonstrated. Photoluminescence measurements showed that 
Mg doping for growth with a high V/III ratio and moderate Mg concentration can 
effectively suppress self-compensation caused by the formation of nitrogen vacancy 
complexes. The temperature dependence of the p-type conductivity of these AlGaN 
films with high Al content revealed extremely small effective activation energies of 47–
72 meV at temperatures below 500 K. The reduction in the effective activation energy 
and high p-type conduction of the high-Al-content Al0.7Ga0.3N demonstrated in this 
work should lead to dramatic improvements in the series resistance and device 
performance of DUV-LEDs. 
In chapter 4, freestanding AlN substrates with low dislocation density and high UV 
transparency were prepared from HVPE layers grown on PVT-AlN substrates. The 
HVPE-AlN layers grew without any distortion generated on the PVT-AlN substrate and 
their estimated dislocation density was less than 10
6
 cm
-2
. Optical measurements 
revealed that the external optical transmittance in the DUV range was dramatically 
improved in the HVPE-AlN substrates compared with that of PVT-AlN substrates, and 
was almost ideal. Furthermore, it was found that the absorption band of AlN substrates 
in the DUV range could be attributed to the incorporation of carbon into AlN. These 
results provide a clear way to fabricate AlN substrates with low dislocation density and 
high optical transparency as well as improving understanding of the absorption 
mechanisms in AlN. 
AlGaN-based DUV-LEDs fabricated on HVPE-AlN substrates were demonstrated. 
TEM analysis revealed that the dislocation density through the LED structure was 
similar to that of an HVPE-AlN substrate. The DUV-LEDs exhibited a single emission 
peaking at 260–270 nm through the HVPE-AlN substrate by removing the PVT-AlN 
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substrate. The output power and EQE at an injection current of 250 mA were as high as 
36 mW and 3.1%, respectively. The lifetimes for the 50% power reduction at 50 and 
150 mA were estimated to be over 10,000 and 5,000 h, respectively. These results 
suggest that HVPE-AlN substrates with be used to produce DUV-LEDs with higher 
output power and reliability than other substrates such as PVT-AlN and sapphire. 
In chapter 5, light extraction structures were fabricated on the back side of AlN 
substrates by electron beam photolithography and ICP etching. We successfully 
fabricated s novel hybrid light extraction structure on AlN substrates that has periodic 
convex cylinders as well as small round convex structures. The relative emission 
intensity obtained through the hybrid light extraction structure was 1.7, which is the 
highest light enhancement obtained in DUV-LEDs by surface modification to date. In 
addition, deviations of light enhancement values obtained in this study were much 
smaller than those of reported values, indicating that uniform light extraction structures 
can be obtained using the nanoscale lithography and subsequent ICP etching 
technologies applied in this study. 
In conclusion, the research in this thesis provides the certain solutions to solve the 
problems that limit the performance and reliability of AlGaN-based DUV-LEDs. 
Moreover, nanometer-scale machining technology was used on AlGaN-based 
DUV-LEDs on AlN substrates for the first time, achieving record-setting light 
enhancement and good reliability. We believe that the research presented in this thesis 
contributes to the progress of crystal growth technology and improves understanding of 
the properties of the AlGaN-based material system, and will hopefully facilitate 
practical use of AlGaN-based DUV-LEDs.
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